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Abstract

Large-scale ‘omic’ studies investigating the pathophysiological processes that lead to Alzheimer’s disease (AD) dementia
have identified an increasing number of susceptibility genes, many of which are poorly characterized and have not
previously been implicated in AD. Here, we evaluated the utility of human induced pluripotent stem cell-derived neurons
and astrocytes as tools to systematically test AD-relevant cellular phenotypes following perturbation of candidate genes
identified by genome-wide studies. Lentiviral-mediated delivery of shRNAs was used to modulate expression of 66 genes in
astrocytes and 52 genes in induced neurons. Five genes (CNN2, GBA, GSTP1, MINT2 and FERMT2) in neurons and nine genes
(CNN2, ITGB1, MINT2, SORL1, VLDLR, NPC1, NPC2, PSAP and SCARB2) in astrocytes significantly altered extracellular amyloid-β
(Aβ) levels. Knockdown of AP3M2, CNN2, GSTP1, NPC1, NPC2, PSAP and SORL1 reduced interleukin-6 levels in astrocytes. Only
knockdown of FERMT2 led to a reduction in the proportion of TAU that is phosphorylated. Further, CRISPR-Cas9 targeting of
FERMT2 in both familial AD (fAD) and fAD-corrected human neurons validated the findings of reduced extracellular Aβ.
Interestingly, FERMT2 reduction had no effect on the Aβ42:40 ratio in corrected neurons and a reduction of phospho-tau, but
resulted in an elevation in Aβ42:40 ratio and no reduction in phospho-tau in fAD neurons. Taken together, this study has
prioritized 15 genes as being involved in contributing to Aβ accumulation, phosphorylation of tau and/or cytokine secretion,
and, as illustrated with FERMT2, it sets the stage for further cell-type-specific dissection of the role of these genes in AD.

http://www.oxfordjournals.org/
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Introduction

Recent emphasis on the use of large data sets to uncover
mechanisms underlying complex pathologies, such as those
of Alzheimer’s disease (AD), has led to the identification of
many genes that influence disease susceptibility and/or course.
A critical step toward prioritizing and developing therapeutic
targets from such a list of putative targets is characterizing the
pathogenic roles of each gene. To accomplish this, genes that
emerge from large ‘omic’ screens of human subjects need to
be integrated and evaluated with practical and complementary
in vitro strategies designed to link such genes to a molecular
function. These strategies can identify pathways that may
be preferred targets for cellular perturbations leading to AD
and guide the initial evaluation of genes, which have little or
no information linking them to a particular disease-related
molecular phenotype.

AD is characterized by progressive cognitive decline due to
the dysfunction and degeneration of neurons, which follows the
accumulation of both extracellular amyloid-β (Aβ)-rich neuritic
plaques and intracellular neurofibrillary tau-containing tangles
over many years. In the familial or early-onset form of AD
(fAD), causal mutations are found in APP, PSEN1 and PSEN2; the
latter two genes encode the core component of γ-secretase that,
with β-secretase, contributes to the generation of pathogenic
Aβ peptides produced by the sequential proteolytic cleavage of
the amyloid precursor protein (APP). Therefore, disease-causing
mutations are found in both the substrate and the enzyme
leading to Aβ generation, suggesting that Aβ plays an important
role in fAD pathology. Further supporting a role of Aβ in disease
pathogenesis, high concentrations of soluble Aβ lead to neuro-
toxic effects including inhibition of long-term potentiation, ele-
vated neuron excitability, neuroinflammation and neuron loss
(reviewed in 1). Genome-wide association studies (GWASs) have
identified several additional genes and processes potentially
contributing to late-onset AD. These pathways may act through
Aβ or may act in an Aβ-independent fashion.

Induced pluripotent stem cells (iPSC) permit the use of AD-
relevant human cell types and are a useful tool for probing
the cellular and molecular mechanisms underlying disease
(reviewed in 2). In this study, we employ a differentiation protocol
that directly converts iPSCs to neurons via neurogenin-2 (NGN2)
expression (3). These neurons, termed iNs, have a morphology
and gene expression profile consistent with postmitotic neurons
and spontaneously fire by days of differentiation in vitro
(DIV) 14. While it is possible to obtain iPSC-derived human
astrocytes as well, we chose here to utilize primary human
astrocytes, available from ScienCell (Carlsbad, CA). Herein,
we leverage these in vitro cell systems to identify genes with
proposed connections to AD that can alter AD-associated
phenotypes.

We selected genes for evaluation using several complemen-
tary strategies. First, we included susceptibility genes identified
in GWAS of AD (4,5). Second, we selected genes implicated
by DNA methylome-wide association studies (6). Third, we
selected genes based on pathways previously implicated
in AD. For example, genes that have been shown to bind
to APP and affect its cleavage were included. In addition,
endolysosomal trafficking has been implicated in Aβ and
tau pathologies found in AD not only by GWAS but also
by observations that (1) inhibition of endocytosis leads to a
decrease in Aβ generation (7,8), (2) autophagic vacuoles and
enlarged endosomes accumulate early in AD (reviewed in 9),
(3) disruption of lysosomal function by Niemann–Pick type C

(NPC) mutations leads to prominent neurodegeneration that
includes the formation of tau tangles and the accumulation
of Aβ (10–14) and (4) genetic variants of the lysosomal genes
glucocerebrosidase (GBA) and Scavenger Receptor Class B
Member 2 (SCARB2) are implicated in dementia with Lewy
bodies (DLB), the second most common form of dementia whose
pathological hallmarks include amyloid plaques and tau tangles
in addition to Lewy bodies (15–17). Thus, in addition to genes
emerging from large, unbiased screens, we selected key disease-
related genes involved in the endolysosomal–autophagic
pathway.

Here, we find differential expression of genes across the
three model systems suggesting cell type-specific involvement
for subsets of candidate genes, which can guide further study
design. Indeed, shRNA-mediated knockdown of gene targets in
astrocytes and iNs yields both overlapping and divergent pools
of candidates capable of altering extracellular Aβ levels across
the cell types. CNN2 and MINT2 knockdown altered extracellular
Aβ levels in both astrocytes and iN cultures. GBA, GSTP1 and
FERMT2 knockdown alter Aβ levels in iNs but not astrocytes,
while reduced expression of ITGB1, SORL1, VLDLR, NPC1, NPC2,
PSAP and SCARB2 modulate Aβ levels only in astrocyte cul-
tures. Further, we have found that GSTP1 and FERMT2 knock-
down reduce phosphorylated TAU levels in iNs. Finally, AP3M2,
CNN2, GSTP1, NPC1, NPC2, PSAP and SORL1 reduce extracellular
levels of the proinflammatory cytokine interleukin-6 (IL-6) in
astrocyte cultures.

Interestingly, shRNA targeting of FERMT2 in iNs reduced both
extracellular Aβ levels and the proportion of intracellular TAU
that is phosphorylated. Validation experiments were performed
using CRISPR-Cas9 targeting of fAD (18) and isogenic-corrected
iPSC lines (fADcorr, 19). Reduction of FERMT2 protein levels in
mutation-corrected, wild-type iNs replicated the phenotype
observed with shRNA knockdown. Similarly, FERMT2 reduction
in fAD iNs lowered total Aβ and tau levels. However, unlike their
wild-type counterparts, reduction of FERMT2 in fAD iNs raised
the ratio of Aβ42 to Aβ40 and did not reduce the proportion of
TAU that is phosphorylated. These results suggest that lowering
FERMT2 levels in non-fAD neurons may have a beneficial effect
on amyloid and tau pathology. It was previously shown that
single nucleotide polymorphisms (SNPs) at the FERMT2 locus are
associated with late onset Alzheimer’s disease (LOAD) (5), and
here we also show an association of these SNPs with amyloid
burden and VGF protein levels in the human postmortem brain.
These results, in combination with previously published findings
(20–24), support a role for FERMT2 in LOAD that is mediated by
its effects on Aβ and TAU.

Taken together, these results highlight the different influ-
ences that cell types can exert in pathological phenotypes.
The findings also point to the importance in AD pathogenesis
of FERMT2 expression in neurons and to the endolysoso-
mal pathway in both neurons and astrocytes. In addition
to these biological findings that assemble Aβ susceptibility
genes with shared functional consequences, this study is
a resource for the use of human neurons and astrocytes
for systematic screening of genes related to central nervous
system disease; its moderate throughput protocols are a
model of how to systematically approach the identification
of optimal shRNA sequence (RNAseq) targets for successful
gene knockdown, and we provide a publicly available ref-
erence RNAseq data for neurons and astroyctes to assess
the level of expression of desired genes in these experimen-
tal systems (https://www.synapse.org/#!Synapse:syn2580853/
wiki/409853).

https://www.synapse.org/#!Synapse:syn2580853/wiki/409853
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Figure 1. Screening strategy. Candidate genes were selected based either on

their identification through large data studies (GWAS or epigenetics) or their

functional role in known AD-related processes. Other genes were selected based

on their relation to previously selected genes (Supplementary Material, Table

S1). The appropriate cell type in which to screen candidates was determined

based on the expression of candidates in each cell type. Genetic perturbation

of candidates was performed by screening multiple shRNAs per gene, and

knockdown was evaluated by qPCR (Supplementary Material, Tables S1 and S2).

Those lentiviruses with which robust reduction of gene expression resulted

were used to evaluate the effect of gene knockdown on AD-related phenotypic

readouts.

Results
Target gene selection and assignment to an
experimental system

Candidate genes were selected using a number of inclusion crite-
ria (Fig. 1; Supplementary Material, Table S1). The majority of the
candidate genes were included because of their identification in
genome- and epigenome-wide AD studies (4–6). APP and MAPT
also were included because they are the primary components of
amyloid plaques and neurofibrillary tangles that characterize AD
pathology. For the remaining genes, we focused on genes impli-
cated in pathways of interest, prioritizing those genes associated
with neurodegeneration and/or implicated in APP biology.

To begin, the appropriate cell model for gene targeting
was identified for each gene. Three cell culture models were
used in our evaluations: (1) iPSC-derived neurons using an
NGN2 neuronal induction procedure (iN) (3), (2) iPSC-derived
neurons using the embryoid aggregate procedure (EB) (18,25,26)
and (3) primary astrocytes isolated from the human cerebral
cortex, purchased and cultured according to manufacturer’s
specifications (ScienCell). The two neuronal models produce
distinct cell populations: with the EB protocol, iPSC colonies
form aggregates in suspension, which transition through a
neuroectodermal state and then neural ‘rosette’, and aggregate
structures prior to plating resultant neurons in a monolayer.
After 40 days of differentiation, these neurons adopt forebrain
cortical neuronal fates, primarily glutamatergic projection
neurons with a lower percentage of GABAergic interneurons.
By contrast, iN neurons were produced by transduction of
iPSCs with lentivirus encoding NGN2 (3), which yields neuronal
morphologies and transcriptional profiles consistent with layer
2/3 excitatory projection neurons within 2 weeks (3,27,28).
Puromycin selection of the iNs minimizes cellular heterogeneity,
while the EB-neurons are inherently mixtures of multiple neural
cell fates. RNAseq profiles were created highlighting cell type
and subtype markers to characterize the cells used in this study
(Fig. 2A). Expression profiles differ between the neurons gener-

ated by each differentiation protocol and between EB-neurons
at different phases of differentiation. Cell type identity also was
confirmed by immunocytochemistry using markers for neurons
(NEUN and MAP2) or astrocytes (GFAP) (Fig. 2B). RNAseq was
used to determine the expression level of each candidate gene
in our model cell types. A heat map is shown with normalization
within a gene (Fig. 3A) to show differential expression between
cell models. While EB-derived neurons and iNs are both neuronal
in fate, certain candidate genes are differentially expressed
between these cell culture models. These data highlight the
importance of consideration of cellular fate in choosing a cell
culture model.

Initially, it was not clear what an appropriate expression cut-
off would be that would enable meaningful testing in our experi-
mental systems. If baseline expression of a particular gene is ‘too
low’ and not biologically relevant, one could imagine that lower-
ing of expression with shRNA targeting would not be possible.
Figure 3B–D shows the average maximum percent knockdown
per gene relative to expression of that gene in astrocytes (C) and
iNs (D). Based on this data, the top ∼10 000 expressed genes
can potentially be targeted in these cellular systems [based on
fragments per kilobase of transcript per million mapped reads
(FPKM) values: astrocytes FPKM, >5.1; EB-derived neurons FPKM,
>5.3; iN FPKM, ≥5.23].

Following optimization of cell density, virus concentration
and viral infection timeline, a standard operating procedure for
gene knockdown was determined for each cell type (Fig. 4A).
Human primary astrocytes (ScienCell) were plated 24 h prior to
infection with a 1:5 dilution of lentivirus (titer ∼7 × 107 ± 3 × 107

SD viral particles/ml). EB-derived neurons and iNs were cul-
tured as previously described (3,18,25,26) and infected with a
1:1 dilution of lentivirus at DIV 50 and 17, respectively. For
each viral transduction, ∼1.75 million particles were applied
to 25 000 cells for an 18 h period prior to washout. Attempts
to reduce this concentration, such as by polybrene treatment,
proved ineffective and/or deleterious in our cell model sys-
tems. For each target gene, we tested an average of five shRNAs
targeting different regions (Supplementary Material, Table S2);
constructs were selected from the Broad Institute Genetic Pertur-
bation Platform. As controls in each experiment, subsets of cells
were left untransduced or transduced with viruses expressing an
empty vector (empty). Astrocytes and EB-derived neurons also
were transduced with a green fluorescent protein expressing
lentivirus (‘rosetta’) to permit visualization of cells as a means
to confirm effective transduction (iNs already expressed green
fluorescent protein, GFP). Media were changed ∼18 h after viral
transduction, and, following ∼114 h incubation period, condi-
tioned media were collected and cells lysed for RNA purification.
RT-qPCR (reverse transcription-quantitative polymerase chain
reaction) then was performed on each sample to determine the
extent of target gene knockdown by each tested shRNA construct
(reported as percent change from the average of controls; see
example in Fig. 4B). No significant change in lactate dehydro-
genase activity between control and shRNA treated as iNs and
astrocytes was detected, indicating that lentiviral infection did
not affect overall cell health (Supplementary Material, Fig. S1).
These results were confirmed by a parallel calcein assay that
revealed no qualitative difference between infected and unin-
fected cells, with uptake of the live-cell marker calcein observed
in >90% of iNs and astrocytes (data not shown).

Screening of shRNA target sequences

Our screen consisted of two sequential stages. In Stage 1, we
identified those genes that could be appropriately investigated:

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
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Figure 2. Cell type characterization. (A) Purified RNA of cell lysates collected from astrocytes (day 6), EB-neurons at 3 differentiation time points (days 17, 57 and 100)

and iNs (day 26) were analyzed by RNAseq. Genes were selected that mark subsets of neuronal and glial cells and a heat map was created using Prism. NPC, neural

progenitor cell; HKG, housekeeping gene. (B) Representative images of immunocytochemistry of each cell culture type with markers for neuron (NeuN and MAP2) and

astrocytes (GFAP). Scale bars: EB-neurons and iNs, 50 μm; astrocytes, 20 μm.

we required at least 2 different shRNAs targeting a given gene
with knockdown efficiency of >50% for that gene to be con-
sidered in Stage 2 where we measure our primary outcome
measure, extracellular Aβ levels. Transduction efficiency was
determined by calculating the number of cells expressing GFP
following transduction with GFP-encoding lentivirus (rosetta)
relative to the total number of cells positive for DAPI staining.
EB-derived neurons had a transfection efficiency of 87 ± 6%
(mean ± SD), while astrocytes have an efficiency of 85 ± 9%
(mean ± SD). For each experiment, three wells of a given cell
type were infected with the same aliquot of an shRNA-bearing
virus, and the qPCR expression results were averaged across
the three wells. Multiple shRNAs were used to knock down
each gene, each targeting a different sequence within the gene
(Supplementary Material, Table S2), and knockdown efficiency
was typically variable between constructs targeting the same
gene. For effective shRNAs, multiple independent experiments
were performed for the same viral production lot and across
multiple lots, and the greatest possible knockdown rate for that
construct was recorded (Supplementary Material, Table S1). On
average, variability between constructs (as measured by SD) was
2-fold lower in astrocytes than in iPSC-derived neurons. This
was true across wells within an experiment for a given condi-
tion, across lots of virus and across independent experiments
(Supplementary Material, Table S1).

Of the 372 shRNAs tested in astrocytes, 20% were capable
of knocking down their gene target by at least 70%, while 41%
were able to reduce gene expression by at least 50% (Fig. 4C).
In EB-derived neurons, 15% of the shRNAs were able to reduce
gene expression by 70%, and 35% of shRNAs reduced expression
by 50%. Candidate gene-targeted shRNAs in iNs showed that

25% were capable of 70% knockdown and 54% were capable of
50% knockdown. Of note, lentiviral-mediated gene knockdown
was more efficient in iNs than in EB-derived neurons, perhaps
owing to the more homogenous nature of the iN cultures. Results
for perturbation of selected candidate genes are summarized
in Figure 3C, and full results are available in Supplementary
Material, Table S2.

Identification of shRNAs that alter AD phenotypes

To begin Stage 2, we measured Aβ in culture supernatants using
an Aβ triplex ELISA (MesoScale Discoveries). EB-derived neurons
were excluded from this stage of the study due to reduced knock-
down efficiency and higher levels of cell-type heterogeneity
between differentiation rounds and to facilitate rapid screening.
Results were normalized to the average level of secreted Aβ in
control non-infected and empty vector conditions in each exper-
iment. The results from all shRNAs targeting the same gene were
pooled to give a summary, gene-level view of the consequence of
gene perturbation. As a positive control, we included a condition
where we inhibited γ-secretase, the protease that cleaves the Aβ

peptide from APP, using DAPT. As expected, DAPT treatment led
to a robust decrease in all amyloid peptides identified in con-
ditioned media (Aβ38, Aβ40 and Aβ42) (Fig. 5A; Supplementary
Material, Fig. S2). APP knockdown also led to a predictable, robust
reduction in extracellular Aβ (Fig. 5A; Supplementary Material,
Fig. 2), validating our approach using lentiviral delivery of shRNA
constructs.

Data sets for Aβ38, Aβ40 and Aβ42 measured for iNs and
astrocytes are summarized in Supplementary Material, Figs S2

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
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Figure 3. Relative expression of target genes in the three cell culture experimental systems. Cell lysates were collected and pooled from 3 wells of a 96-well plate for

each sample. Astrocytes were collected 6 days after plating, while EB-derived neurons and iNs were collected at DIV 57 and DIV 26, respectively. RNA was purified and

analyzed by RNAseq. Quantile normalization method was used on FPKM values followed by Combat to remove experimental batch effects. Heat maps were created

using Gene Pattern (Broad Institute). Samples were row normalized (A). (B) In this heat map, for each tested gene (rows) in astrocytes (left column) and iNs (right

column), we report the highest average knockdown achieved by an shRNA construct. A color key is provided at the bottom of the panel. In (C–D), each dot represents

one gene and we plot the results for the shRNA construct with the highest average knockdown (y-axis) for that gene relative to the gene’s level of expression (x-axis)

in astrocytes (C) and iNs (D).

and S3. As Aβ42 possesses a propensity for aggregation and is
hypothesized to be the most pathogenic and readily detected
of the Aβ species, these results are highlighted in Figure 5. Of
the 19 candidate genes screened in iNs, only 4 (FERMT2, GSTP1,
MINT2 and GBA) significantly reduced Aβ42 in the conditioned
media of cultured cells (Fig. 5A and C). In astrocytes, 6 (MINT2,
NPC1, NPC2, PSAP, SCARB2 and SORL1) of 17 genes screened sig-
nificantly altered Aβ42 levels (Fig. 5B and C). Interestingly, only
SORL1 knockdown increased Aβ42, consistent with previous find-
ings that APP processing is increased in hippocampal extracts
from Sorl1 knockout mice carrying a human APP transgene (29).

In order to determine the specificity of each gene for altering
extracellular Aβ42 levels, we compared the list of Aβ42 altering
genes to those capable of affecting Aβ40 (Fig. 5C, summarized
in Fig. 5D). Knockdown of GSTP1 and FERMT2 alter Aβ42 but not
Aβ40 in iNs, while only MINT2 exclusively affects Aβ42 gen-
eration in astrocytes. An additional gene, CNN2, significantly
reduces Aβ40 without affecting Aβ42 levels in both iNs and astro-
cytes. CNN2 and MINT2 are the only genes whose knockdown
reduces an Aβ species in both iNs and astrocytes, providing
a window into the potentially unique mechanisms regulating

extracellular Aβ levels in neuron versus astrocyte cultures. The
finding that MINT2 knockdown reduces extracellular Aβ levels
is consistent with a reduction in amyloid plaques deposition
in Mint2 knockout mice (30), while this role for CNN2 has not
previously been demonstrated.

Familial AD mutations favor production of Aβ42 over Aβ40,
suggesting that an imbalance in the ratio of these two species is
important for AD pathogenesis (31,32). We therefore determined
whether altered expression of any of our candidates leads to
alterations in the proportion of Aβ42 relative to Aβ40. Knockdown
of FERMT2 in iNs resulted in a decrease in the ratio of Aβ42 to 40,
suggesting a propensity toward Aβ40 release driven by a decrease
in Aβ42 levels. The ratio of Aβ42/40 also is reduced by the knock-
down of ITGB1 in astrocytes, suggesting that knockdown of this
gene may benefit pathology either by reducing the production or
increasing the degradation of pathogenic Aβ42 in this cell type.

We further evaluated the effect of gene knockdown on AD-
relevant phenotypes by examining the protein encoding another
pathological hallmark of AD, TAU. The hyperphosphorylation
of this microtubule protein facilitates intracellular tangle for-
mation. We measured both total and phospho-tau levels in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy376#supplementary-data
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Figure 4. Overview of shRNA screen of AD-related candidate genes. (A) Schematic representation of lentiviral shRNA transduction protocol. On day 1, lentivirus

packaged shRNA is applied in fresh media. The following day (day 2) media is removed and replaced. On day 6, GFP-transduced cells are imaged to examine morphology

and transduction efficiency, conditioned media collected and RNA purified from all wells. (B) Representative graphs of data collected from each cell type from a

single experiment. Relative expression of CLU, the gene encoding clusterin, in human primary astrocytes (left), EB-derived neurons (middle) and iNs (right) following

transduction of lentivirus encoding shRNAs against CLU as measured by qPCR. Results are normalized to GAPDH and presented as percent change from averaged

controls normalized to 1. Each dot shows data from one well. Statistical analysis performed by ANOVA. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005, ∗∗∗∗P < 0.0001. (C)

Summary of numbers of genes and shRNAs screened in astrocytes, EB-derived neurons and iNs.
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Figure 5. Knockdown of selected gene targets significantly reduces extracellular Aβ42 concentration targeted astrocytes and iNs. Conditioned media from shRNA

targeted iNs (A) or astrocytes (B) were analyzed by Aβ triplex ELISA. Results were normalized to the average of control conditions for each experiment before multiple

experiments were combined. Each dot represents data from an independent well. Blue bars highlight controls; green bars highlight treatment with a gamma-secretase

inhibitor (DAPT); red bars highlight conditions reaching statistical significance. Shown is the mean ± SEM. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005, ∗∗∗∗P < 0.0001 by ordinary

one-way ANOVA. (C) The adjusted P-value plotted as a function of the mean difference for Aβ40 and Aβ42 in astrocytes and iNs. (D) Summary of Aβ phenotypes observed

in astrocytes and iNs. Only SORL1 knockdown (red) showed an increase, all others a decrease.

the lysates of cultured iNs by ELISA (MesoScale Discoveries).
These experiments were restricted to iNs as astrocytes do not
express significant levels of MAPT, the gene encoding TAU pro-

tein. Of note, the only phospho-epitope measured by this assay
is Thr231. TAU phosphorylation at this site by GSK3β is critical
in regulating TAU binding (33) and is thought to play a role in
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Figure 6. Knockdown of selected gene targets alters phosphorylated tau and IL-6 levels. (A–C) Lysates collected from iNs targeted by shRNA were analyzed by phospho

Thr231/total tau multiplex ELISA (MSD). Results were normalized to the average of controls for each experiment and combined across experiments. (D). IL-6 levels were

measured in conditioned media from astrocyte cultures via ELISA (MSD). Results were normalized to average of controls for each experiment and combined across

experiments. For all graphs, blue bars indicate controls and red bars indicate conditions in which significant changes were detected. Each dot represents data from an

independent well. Shown is the mean ± SEM. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005, ∗∗∗∗P < 0.0001 by Kruskal–Wallis test with Dunn’s multiple comparisons test.
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Figure 7. CRISPR/Cas9 targeting of FERMT2 in fAD and fADcorr iPSC lines confirms that lowering FERMT2 levels in human neurons results in lower extracellular Aβ

levels. The FERMT2 locus was targeted in iPSC lines using gRNAs recognizing the exons listed, and the resultant indel mutations introduced are shown (A). Following

targeting, iPSC lines were differentiated to neuronal fates and protein lysates collected at day 21 of differentiation. Example western blots and quantifications are

shown for fADcorr iNs (B, D) and fAD iNs (C, D). ‘CR control’ refers to iPSC subclones that underwent a mock targeting, whereby Cas9 and empty gRNA vector were

transfected, and monoclonal subclones isolated and analyzed in parallel to subclones whereby FERMT2 was targeted. At day 21 of differentiation, 48 h conditioned

media were collected and cells lysed. Aβ40 and 42 levels were measured via multiplexed ELISA (MSD), normalized to total protein levels in the cell lysate and then

normalized to fADcorr CR control for each differentiation (E, F). Data in (G) shows Aβ42:40 ratios for each condition. Quantifications for B and C are from 2–3 independent

differentiations, for fAD n = 9, 6, 9; fADcorr n = 6, 5, 6. One-way ANOVA with Holm–Sidak multiple comparisons tests performed; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗∗P < 0.0001.

For E–G, in order from left to right, n = 9, 9, 9, 6, 6, 6. One-way ANOVA with Holm–Sidak multiple comparisons tests performed; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.0005,
∗∗∗∗P < 0.0001.

tangle formation. Of 10 genes screened, only GSTP1 knockdown
significantly reduced both total and phospho-tau (Fig. 6A–B).
Knockdown of FERMT2 reduced only phospho-tau, leading to an
overall reduction in the ratio of phospho-tau to total tau (Fig. 6C).
Integrating these results with previously identified linkages of
these genes to AD highlights FERMT2 and GSTP1 as potential
mediators of tau tangle formation.

The Aβ plaques and tau tangles that are the hallmarks of
AD are accompanied by chronic neuroinflammation. Activated
astrocytes and microglia are often situated near plaques
and produce proinflammatory signaling molecules including
chemokines, growth factors, complement molecules and
cytokines (reviewed in (34)). We therefore measured the
concentration of one such cytokine, IL-6, as a consequence of
candidate gene knockdown in the conditioned media of cultured
astrocytes. Eight genes (APP, AP3M2, CNN2, GSTP1, NPC1, NPC2,
PSAP and SORL1) all produced significant reductions in IL-6
(Fig. 6D). Viewed together, these results show phenotypic and

cell-type-specific consequence to targeted gene knockdown
(Table 1).

Validation of a role for FERMT2 in LOAD-relevant
phenotypes

FERMT2 arose as the only gene targeted that affected both the
proportion of tau phosphorylated and Aβ levels in iN cultures.
Interestingly, FERMT2 also was identified in a screen for mod-
ulators of TAU toxicity in Drosophila (20) and in a screen of
mediators of Aβ generation in HEK cells (22). Here, we observe
that FERMT2 knockdown with shRNA reduces both extracellular
Aβ levels and the proportion of TAU that is phosphorylated. In
order to validate these findings, we next used CRISPR-Cas9 to
target FERMT2 in two additional iPSC lines: one derived from
a patient with early-onset AD carrying the APPV717I mutation
(‘fAD’) (18) and, the other, its isogenic mutation-corrected control
line (‘fAD’) (19). Targeting of each line resulted in different indels
within FERMT2 (Fig. 7A) and in varying levels of reduction of
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Figure 8. FERMT2 targeting results in lower phospho- to total-TAU levels in fADcorr but not fAD iNs. FERMT2 targeted iPSC lines were differentiated to iN fates. At day

21 of differentiation, cells were either fixed and immunostained (A–B) or else lysed and TAU analyzed by ELISA (C–H). (A, B) Example immunocytochemistry for FERMT2

and TAU in fADcorr iNs. (A) FERMT2 targeting lowers FERMT2 immunostaining. (B) Magnified view of immunostaining of CR control to show subcellular localization of

FERMT2 in untargeted human neurons. (C–H) Data from a multiplexed ELISA (MSD) showing pTAU(Thr231) and total TAU are shown for fADcorr (C–E) and fAD (F–H)

iNs. Quantification is from 3 independent differentiations, for (C–E) n = 15, 15, 15 and for (F–H) n = 15,8,15. One-way ANOVA with Dunnett’s multiple comparisons tests

performed; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.0005, ∗∗∗∗P < 0.0001.
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Table 1. Summary of phenotypic results: the level of significance (P-value) in the perturbation of a given phenotype by targeting a given gene
is listed in the table

FERMT2 protein when these lines were differentiated to iNs
(Fig. 7B–D). Both targeting events in the fAD line showed a strong,
>50% reduction in FERMT2 protein levels (Figs 7C and D), while
targeting of fADcorr lines reduced FERMT2 levels significantly, but
to a lesser degree (Figs B and D). Consistent with these results,
FERMT2 reduction in fAD iNs resulted in a strong and consis-
tent reduction in extracellular Aβ levels (Fig. 7E and F), while Aβ

levels were reduced more modestly with targeting of fADcorr

(Fig. 7E and F). As previously reported (19), fAD iNs showed an
elevated ratio of Aβ42 to Aβ40 (Fig. 7G). Interestingly, reduction of
FERMT2 in fAD iNs showed a further increase in this ratio, while
the ratio was unaffected with FERMT2 reduction in fADcorr iNs
(Fig. 7G).

All lines with FERMT2 targeting showed a reduction in total
tau and phospho-tau levels when normalized to total protein
(Fig. 8). However, while FERMT2 targeting in fADcorr showed
a reduction in the proportion of TAU that is phosphorylated
(Fig. 8C), fAD iNs with FERMT2 reduction did not show such a
reduction in phospho-tau relative to total tau (Fig. 8F). Thus,
fAD iNs differ from fADcorr in two phenotypes: fAD iNs display
an elevation in the extracellular Aβ 42:40 ratio with FERMT2
reduction, and no rescue of the phospho-tau to total tau ratio is
observed with FERMT2 reduction.

FERMT2 in the human brain

Our data suggest that FERMT2 expression in human neurons
has effects on both Aβ and TAU. We first confirmed that FERMT2
protein is indeed expressed in the human brain in neurons by
coimmunostaining with a neuronal marker, NeuN (Fig. 9A). It is
important to note, however, that FERMT2 protein also colocalizes
in cells that express astrocyte (ALDH1) and microglial (IBA1)
markers in the human brain (Fig. 9B and C). SNPs in the FERMT2
locus were previously identified to be associated with LOAD (5),
and we had previously shown an association of FERMT2 SNPs

with a pathological diagnosis of AD (21). Here, using published
postmortem pathological data derived from the Religious Order
Study (ROS) and Memory and Aging Project (MAP) ROS and
MAP cohorts (35), we find that an SNP in the intron between
exons 2 and 3 of FERMT2 (rs117646236) is associated with amy-
loid levels in the postmortem brain (P = 0.001). Further, we
interrogated available proteomic data from postmortem dor-
solateral prefrontal cortex (DLPFC) of ROS and MAP partici-
pants (36) to examine if the level of any of the 67 proteins
measured are associated with rs117646236. Levels of one pro-
tein previously implicated in AD in several network analyses
(http://agora.ampadportal.org/), VGF, were significantly associ-
ated with the presence of rs117646236 (P = 0.000696) (Fig. 9F).
VGF also has been shown by several groups to be a potential
biomarker for AD (reviewed in 37). In order to determine whether
modulating FERMT2 levels might affect VGF expression, we per-
formed qPCR on our human iN experimental system, and we
found that VGF expression levels were significantly elevated in
iNs with FERMT2 reduction (Fig. 9G and H). Lastly, interrogation
of publicly available RNAseq data of temporal cortex and cerebel-
lum of humans (38) showed that FERMT2 RNA levels are elevated
in LOAD in the temporal cortex but not the cerebellum, sug-
gesting a possible regionalization of effect. Further, the absence
of this differential expression in temporal cortex of individu-
als with either ‘pathological aging’ or progressive supranuclear
palsy (Fig. 9I) suggests that FERMT2 may have a role that is
specific to the AD context.

Discussion
Through evaluation of GWAS, epigenetic and functional stud-
ies, we prioritized 72 genes with potential roles in AD patho-
genesis. The identification of AD-contributing genes necessi-
tates the evaluation and validation of these targets and, impor-
tantly, models in which to perform additional studies. The use of

http://agora.ampadportal.org
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Figure 9. FERMT2 expression and association with LOAD (A–C) Postmortem human cerebral cortex from a non-AD subject was embedded, paraffin sectioned and

immunostained for FERMT2, NEUN, ALDH1 and IBA1, with DAPI counterstaining nuclei. (D–F) Regional genetic association plots for FERMT2 and LOAD (D), amyloid

burden (E) and VGF protein levels (F) in the postmortem brain. In these regional plots, association results are presented for all SNPs (dots) within the FERMT2 region of

the genome. The lead SNP (rs117646236; chr14:53401449) in this region is shown in purple, and other SNPs are colored based upon the extent of linkage disequilibrium

with the lead SNP, following the color key in the upper right panel. The x-axis denotes the physical position of the SNP, and the y-axis reports −log10(P-value) for

each SNP. The blue line denotes the recombination rate in this region in European participants from the 1000 Genomes Project. The location of the gene is present at

the bottom of each panel. (G, H) VGF expression was measured via qRT-PCR in human iNs with and without FERMT2 targeting. Quantification is from 3 independent

differentiations: (G), n = 8, 9, 8; (H), n = 9, 6, 9. One-way ANOVA with Dunnett’s multiple comparisons tests performed; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.0005, ∗∗∗∗P < 0.0001.

(I) Publicly available RNA-seq analyses (Mayo Clinic Brain Bank) from post-mortem human temporal cortex (Temp Cx) and cerebellum (Cb) is shown for FERMT2. n = 275

and 276 for Temp Cx and Cb, respectively. One-way ANOVA with Dunnett’s multiple comparisons tests performed; ∗∗∗∗P < 0.0001.
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human iPSC-derived neurons and astrocytes facilitates evalua-
tion in a species-relevant, cell type-specific manner to probe the
mechanisms through which these factors act to impact disease
susceptibility. Functional and expression studies of astrocytes
and neurons allow comparison of the relative contributions of
gene function across cell types.

This screening was accomplished through knockdown of
candidate genes by shRNAs packaged into lentiviral vectors.
Efficient transduction of iPSC-derived neurons required multiple
optimization steps. The day of neuron infection (EB-derived
neurons at DIV 50 and iNs at DIV 17) was selected based on
the ability of neurons to demonstrate spontaneous synaptic
activity and to present morphological and expression markers
consistent with differentiated neurons while minimizing the
amount of time required for maintenance of cell culture to
maximize scalability. When neurons are maintained longer and
transduced later, this may contribute to phenotypic drift and
less consistency between wells and differentiation rounds. For
each viral transduction,∼1.75 million viral particles were applied
to 25 000 cells for an 18 h period prior to washout. Attempts
to reduce this concentration, such as by polybrene treatment,
proved ineffective and/or deleterious in our cell model systems.

It is important to note the limitations of this experimental
system. First, knockdown was the sole method of genetic per-
turbation in this study despite the directionality of risk alleles
potentially differing amongst candidate genes. For many SNPs,
it is unknown whether an increase or decrease in expression,
splicing or some other mechanism is responsible for risk. Knock-
down allowed us to compare phenotypic responses across cell
types. However, overexpression or targeting of particular splice
variants also would be of value, and the system described herein
would be amenable to these types of studies. Secondly, the
differentiated cells that are generated using currently available
protocols have expression profiles that are more similar to fetal
brain cells than to adult brain cells, and the in vitro connectivity
of different brain regions is not recapitulated in our cultures. In
spite of these drawbacks, our results suggest that these experi-
mental systems can be useful for examining molecular signaling
pathways that occur at the level of the cell, and that different
cell biological outcomes in response to gene perturbation can be
observed when different cell types are examined in parallel.

Many of the candidate genes that we examined have pro-
posed associations with amyloid levels, either through gene-
trait associations or through studies in other model systems.
Aβ can be found in two pools: intracellular and extracellular.
The majority of Aβ is secreted: in our iPSC-derived neuronal
system and in primary astrocytes, greater than 10-fold higher
levels of Aβ are detected in the conditioned media relative to the
cellular lysate (18). Aβ deposits are found extracellularly in the
AD brain, and Aβ secretion into the extracellular space is thought
to be a major contributing factor to the toxicity at the synapse
observed in AD (39,40). We therefore focused our measurements
on secreted, extracellular Aβ present in the conditioned media of
cultured cells. In a limited number of experiments, intracellular
Aβ was measured. However, intracellular Aβ42 levels were near
or below the limit of detection of our assay for many samples.
Therefore, these data could not be reliably interpreted across
gene perturbations.

Through our screening, we identify 12 genes that, when
targeted, affect extracellular Aβ levels in either cell type tested
(Table 1). A total of 3 of the 12 genes (MINT2, VLDLR and SORL1)
have previously been linked to APP trafficking. In this study, both
MINT2 and VLDLR reduce Aβ secretion in astrocytes and iNs,
consistent with their known role in APP trafficking. It was previ-

ously shown that conditional knockdown of the MINT proteins
leads to a reduction in APP internalization in mouse primary
hippocampal cultures, and knockdown of Mint2 in transgenic
mice reduces Aβ plaque deposition (30,41). Expression of Vldlr
significantly increases cell surface levels of APP and α-secretase
cleavage products in primary murine hippocampal neurons (42).
SORL1 knockdown increased extracellular Aβ levels in astrocytes
in this study, consistent with the reduction in Sorl1 leading to
an increase in Aβ in cortical extracts from Sorl1−/− mice (43).
SORL1 is downregulated in sporadic AD (44), again demonstrat-
ing the link between SORL1 gene expression and disease. These
results validate our models by reinforcing published results and
underscore the importance of APP trafficking in Aβ pathology.

A striking number of the genes that altered extracellular Aβ

levels in astrocyte cultures function in lysosomal degradation
(PSAP, SCARB2, NPC1 and NPC2), and in iNs, GBA knockdown
altered extracellular Aβ levels (Table 1). GBA encodes glucocere-
brosidase, the lysosomal enzyme responsible for cleavage of
glucosylceramide (45). SCARB2 encodes the protein responsible
for shuttling GBA to the lysosome (46) and PSAP encodes pros-
aposin, a precursor protein that, when cleaved, yields saposin C,
an activator of glucocerebrosidase (47). Mutations in GBA cause
Gaucher’s disease, which is marked by a sustained inflamma-
tory reaction, plasma protein abnormalities, fatigue, increased
metabolic rate, enlargement of the spleen and Parkinsonism
(reviewed in (48)). Mutations in GBA also are now understood to
be a common genetic factor in Parkinson’s disease (PD), found
in 3–20% of patients with PD (49). Multiple recent studies have
shown that mutations in GBA can lead to DLB, which is hall-
marked by both Lewy bodies and the characteristic plaques and
tangles of AD (15–17). Further, PSEN1, a critical component of γ -
secretase, is required for lysosomal proteolysis (50). Additionally,
TRPML1, a lysosomal ion channel, is defective in AD pathogen-
esis (51) and with the AD-like cognitive deficits exhibited in HIV
(52). Finally, glucocerebrosidase protein and enzyme activity is
decreased in sporadic AD (53), demonstrating a potential link
between lysosomal dysfunction and AD.

Targeted knockdown of NPC1 and NPC2 in astrocytes lowered
both extracellular Aβ levels and IL-6 levels (Table 1). NPC is
a lysosomal storage disease caused by mutations in NPC1 or
NPC2 and is marked by cholesterol accumulation in the lyso-
some resulting in deficits in free cholesterol esterification. As in
AD, NPC presents with progressive neurodegeneration, involves
cholesterol dysfunction, hyperphosphorylation of tau, and Aβ

accumulation (reviewed in 54). NPC1 and NPC2 encode proteins
involved in the transport of cholesterol and are impaired in
NPC. In mouse Npc1 knockout models overexpressing human
APP, peptide clearance is reduced leading to accumulation of
Aβ and APP C-terminal fragments in endosomes and in the
lysosomal/autophagic pathway (55). This would suggest that the
reduction in extracellular Aβ levels in astrocyte cultures shown
here could result from elevated intracellular accumulation of Aβ,
which results in lowered extracellular levels of Aβ.

The remaining hits span a variety of functions but are less
well studied in relationship to AD. GSTP1 encodes glutathione S-
transferase pi, a protein that catalyzes detoxification. Increased
oxidative stress is a known AD-related phenotype and is caused
by a decrease in brain glutathione (56). GSTP1 was one of the
two genes identified to be downregulated in the brains of MAPT
transgenic mice (57), connecting GSTP1 and AD pathology. In
addition, previous studies in cancer cell models have shown
that IL-6 can affect GSTP1 mRNA and protein levels in a con-
centration dependent manner (58,59). Our results suggest that
an inverse relationship also may exist with GSTP1 affecting IL-6
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levels. Another hit, CNN2, encodes calponin, an actin filament-
associated regulatory protein predominately found and func-
tioning in smooth muscle (60). Macrophages from CNN2/APOE
knockout mice have lower levels of pro-inflammatory cytokines
than wild-type, attenuating development of atherosclerosis, a
cardiovascular disease resulting in the build-up of plaques in
arteries (61). Given its role in actin filament stabilization, it is pos-
sible that CNN2 affects other tau phenotypes, but we observed
no significant effect of CNN2 knockdown on the tau phospho-
epitope that we examined here.

ITGB1 encodes β1 integrin, a protein that physically interacts
with APP and is involved in APP-dependent neurite outgrowth
(62). Expression of β1 integrin increased β-secretase cleavage
products of APP in HEK 293 cells (63), consistent with our
observed decrease of Aβ levels with ITGB1 knockdown.

Targeted reduction of FERMT2 in human neurons either by
viral-mediated shRNA or by genome editing both resulted in a
reduction in extracellular Aβ40 and Aβ42 levels and a reduction
in total and phospho-tau. Meta-analysis of GWAS first linked
FERMT2 to LOAD (5). In a Drosophila screen of AD susceptibility
genes, Fit1 and Fit2, the FERMT2 homologs, modified tau toxicity
(20), demonstrating a link between FERMT2 and AD pathology.
In addition, studies from our group showed that a SNP at the
FERMT2 locus was significantly associated with the pathological
hallmarks of AD (plaques and tangles) (21). More recently, it
was shown that SNPs in the FERMT2 locus are associated with
brain amyloidosis (as measured by florbetapir uptake) in a stage-
dependent manner, with the strongest association at the mild
cognitive impairment stage (24). Further, in a genome-wide RNAi
screen for modulators of Aβ levels in HEK cells, FERMT2 was
identified as a strong regulator of APP metabolism (22). In con-
trast to the results presented here, however, in that study RNAi-
mediated reduction of FERMT2 levels resulted in an elevation
in Aβ levels through modulation of cell surface levels of APP.
The observed differences may be due to the differences in the
experimental systems utilized (HEK cells versus human neu-
rons) and/or differences in the methods and genomic location
of FERMT2 targeting.

FERMT2 is a member of the kindlin family, which contain
a FERM domain (named for its presence in Band4.1 protein,
ezrin, radixin and merlin) and a pleckstrin homology domain.
The most well-studied role of FERMT2 is its central role in
regulating integrin activation (reviewed in 64), although addi-
tional functions have been identified in linking cortical actin
structures, plasma membrane tension and focal adhesion func-
tion (65). FERMT2 binds to integrins, actin and phospholipids,
acting as a molecular link between the extracellular environ-
ment, plasma membrane and cytoskeletal network. The work
described here suggests that reduction of FERMT2 protein levels
in a controlled human neuronal model results in effects on
both Aβ and phospho-tau levels, directly linking FERMT2 to the
two pathological hallmarks of AD in human neurons. Additional
studies will be necessary to determine whether these effects are
mediated through the known functions of FERMT2 or through an
as of yet undescribed mechanisms of action.

Herein, we demonstrated the ability to screen gene targets
for AD-related phenotypes in vitro in iPSC-derived neurons and
human astrocytes on a moderate scale. We have generated
publicly available reference RNAseq data for each cell type
in this study to assess the level of expression of desired
genes in these experimental systems (available for reference
at https://www.synapse.org/#!Synapse:syn2580853/wiki/409853).
The shRNA constructs we identified as effectively targeting
candidate genes are available as bacterial glycerol stocks,

plasmid DNA or lentiviral particles by Sigma-Aldrich (St.
Louis, MO) or as bacterial glycerol stocks by Open Biosystems
(Lafayette, CO). A total of 9 of the 12 genes that modulate
Aβ levels do so in astrocytes, and this system provides a
cellular context for addressing the mechanisms by which
astrocytes affect extracellular Aβ levels. Future studies involving
the coculture of iPSC-derived neurons and astrocytes would
allow evaluation of the interplay between these cell types, and
such a system should improve our reductionist models of the
complex cellular systems of the brain. The ultimate hope is that
genetic manipulation of these cell types both separately and
in concert could identify pathways that, when targeted with
small molecules, reduce pathological phenotypes. As more gene
targets are identified from large data sets, the need for a system
to readily screen these targets will become more critical. This
study represents an important step in the development of high-
throughput, human cell-type based screening, demonstrating
not only the ability to identify genes that act in pathological
pathways but also the importance of screening across multiple
cell types.

Materials and Methods
Cell culture

The human iPSC line YZ1 was obtained from the University
of Connecticut stem cell core facility and were maintained
in media containing 400 ml DMEM/F12, 100 ml knockout
serum replacement, 5 ml penicillin/streptomycin/glutamine,
5 ml MEM-NEAA and 500μl 2-mercaptoethanol (all from
Invitrogen (Waltham, MA)) with fresh addition of 10 μg/ml bFGF
(MilliporeSigma). Differentiations were performed following one
of the two protocols. EB-derived neuron differentiation was
carried out as described (27,28). EB-derived neurons were plated
at DIV 24 on Matrigel coated 96-well plates and maintained
in media containing 480 ml Neurobasal media (Gibco), 5 ml
NEAA, 5 ml N2 supplement and 10 ml B27 supplement with
fresh IGF, cAMP, BDNF and GDNF. The iN differentiation was
accomplished as previously reported with minor modifications
(3). iNs were plated at DIV 4 on Matrigel coated 96-well plates at a
density of 25 000 cells/well and maintained in media consisting
of Neurobasal medium with dextrose, Glutamax, MEM-NEAA,
B27, 2 μg of doxycycline, 5 μg/ml of puromycin, BDNF (10 ng/ml),
CNTF (10 ng/ml) and GDNF (10 ng/ml).

Human fetal astrocytes from the cerebral cortex were pur-
chased from ScienCell and cultured in media containing 2% FBS,
1% penicillin/streptomycin and 1% astrocyte growth supplement
(ScienCell). Astrocytes were trypsinized and plated in 96-well
plates (40 000 cells/well). Astrocytes were used at less than 10
passages.

Lentiviral transduction

Astrocytes were plated and allowed to recover for 12–24 h. Cells
were transduced by addition of a 1:4 ratio of lentivirus-packaged
shRNA (titer range 1.4 × 107–3.43 × 108 virus particles/ml) to
conditioned media. For each experiment, a subset of cells was
infected with a lentivirus expressing the pLKO vector without
an shRNA (‘empty’). For astrocyte experiments, a subset of cells
was infected with a GFP expressing construct (‘rosetta’). EB-
derived neurons and iNs were transduced at DIV 50 and DIV 17,
respectively, with 1:1 ratio of media to lentivirus. Following ∼18 h
incubation, virus-containing media was removed and replaced
with fresh media to incubate for an additional 96 h. Conditioned

https://www.synapse.org/%23!Synapse:syn2580853/wiki/409853
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media were collected and stored at −20◦C, and cells were lysed
for RNA purification.

qPCR

Samples were prepared for qPCR using the Power SYBR Green
Cells-to-Ct kit (Ambion (Waltham, MA)) according to manufac-
turer’s instructions. Fast SYBR Green Master Mix (Applied Biosys-
tems (Waltham, MA)) was used to assess three technical repeats
with a ViiA 7 System (Applied Biosystems). ��CT was calculated
as a measure for relative expression (66) and results normalized
to GAPDH.

RNAseq

RNA was purified using a PureLink RNA mini-kit (Life Tech-
nologies, Waltham, MA). RNA-Seq Libraries were constructed
by the Broad Institute’s Genomics Platform using their Large
Insert Illumina Strand Specific TruSeq protocol, which includes
insert sizes on average between 450 and 550 bp. Target coverage
was 75 M reads in pairs. RNA-Seq data were processed by our
parallelized and automatic pipeline. This pipeline includes trim-
ming the beginning and ending bases from each read, identifying
and trimming adapter sequences from reads, detecting and
removing rRNA reads and aligning reads to a reference genome.
We used the non-gapped aligner Bowtie to align reads to tran-
scriptome reference (hg19 build with gencode v14 annotation)
and then applied RSEM to estimate expression levels for all
transcripts. The FPKM values were the outcome of our data RNA-
Seq pipeline.

Aβ ELISA

Concentration of Aβ present in conditioned media was detected
by 6E10 Aβ peptide panel multiplex ELISA (MesoScale Discov-
ery, Rockville, MD) following manufacturer’s instructions. Con-
ditioned media from transduced cells were incubated in pre-
blocked wells along with detection antibody solution. Plates
were read using MSD SECTOR Imager 2400 and resulting peptide
concentrations normalized to the average of control conditions
for each experiment.

Tau ELISA

Protein was extracted from iNs by lysing in NP-40 Lysis buffer
(1% NP40, 0.5 M EDTA, 5 M NaCl and 1 M Tris) containing com-
plete protease inhibitors and phosSTOP (Roche, Indianapolis, IN).
Lysates were subjected to Multi-spot Phospho (Thr 231)/Total Tau
ELISA (MesoScale Discovery) following manufacturer’s instruc-
tions. Lysates were incubated in preblocked wells for 1 h prior to
detection antibody solution application for 1 hr. Plates were read
using MSD SECTOR Imager 2400 and resulting concentrations
normalized to the average of control concentrations for each
experiment.

IL-6 ELISA

IL-6 concentration was measured using V-PLEX Human IL-6
Kit (MesoScale Discovery). Conditioned media from transfected
astrocytes were incubated for 2 h prior to detection antibody
solution application. Plates were read using MSD SECTOR Imager
2400 and resulting concentrations normalized to the average of
control concentrations.

iPSC CRISPR/Cas9 CRISPR editing and analysis

SgRNAseqs were designed using the CRISPR design tool
(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgr
na-design) or else using the design tool of the Zhang laboratory
(67). The sgRNAseqs were cloned into plasmid pXPR-003
(Addgene #52963).

fAD and fADcorr iPSCs (1 × 105) were plated on growth factor
reduced Matrigel (Corning #354230) with StemFlex medium
(Invitrogen). The next day, SpCas9 plasmid (pXPR BRD111-
Cas9v2; Addgene #78166) with FERMT2 sgRNA plasmids or
empty vector was cotransfected into iPSCs with Lipofectamine
2000. Two days post transfection, the transfected iPSCs were
selected with puromycin (5 μg/ml) and blasticidin (4 μg/ml).
Genomic DNA were extracted from a portion of cells for a mis-
match assay (GeneArt Genomic Cleavage Detection Kit, Invitro-
gen) to evaluate the editing efficiency. Limited dilution cloning
was used to monoclonally isolate edited iPSCs. Monoclonal lines
were examined by PCR-sequencing around the edited region.

FERMT2 CRISPR-edited iPSC cells were differentiated using
NGN2 to iN fate (described above). INs were plated at day 4
on poly-ornithine/laminin coated 24-well plates at a density of
1.5 × 105 cells per well and maintained in Neurobasal medium
with dextrose, Glutamax, MEM-NEAA, B27, 2 μg of doxycycline,
5 μg/ml of puromycin, BDNF (10 ng/ml), CNTF (10 ng/ml) and
GDNF (10 ng/ml). Half media changes every other day until day
18. Then full media change was performed at day 18 and 4 days
after conditioned media and lysates were collected.

Induced neurons were washed with cold phosphate-buffered
saline (PBS) and lysis buffer (1% NP40 lysis, 50 mm Tris pH 7.6;
150 mm NaCl; 10 mM EDTA; 1× complete protease inhibitor
mixture) added to cells and kept on ice for 15 min. A total
of 15 μg protein per well were loaded on a NuPAGE Novex 4–
12% Bis-Tris gel with MOPS running buffer and transferred onto
nitrocellulose. The membranes were blocked in Odyssey PBS
blocking buffer for 1 h at RT, followed by incubation overnight
at 4◦C with primary antibody for FERMT2 (GTX84507, GeneTex,
Irvine, CA) and GAPDH (Proteintech, Rosemont, IL). Membranes
were rinsed and incubated for 1 h with fluorescence-conjugated
goat anti-mouse IgG. Blots were scanned and analyzed using
Licor Odyssey Imaging system.

Immunocytochemistry of human postmortem brain
samples

A total of 6 μm sections of formalin-fixed paraffin-embedded
tissue from the human DLPFC were used to stain FERMT2
(Sigma), ALDH1L1 (eBioscience, Waltham, MA), Iba1 (Wako Rich-
mond, VA) and NeuN (MilliporeSigma). Immunohistochemistry
was performed using citrate as antigen retrieval. The sections
were blocked with blocking medium (3% of BSA) and incubated
overnight at 4◦C with primary antibodies.

Sections were washed with PBS and incubated with fluo-
rochrome conjugated secondary antibodies (Thermo Fisher Sci-
entific, Waltham, MA) and coverslipped with anti-fading reagent
containing DAPI (P36931, Life technologies). Photomicrographs
are captured at 20× magnification using Zeiss Axio Observer
Z1 fluorescence microscope and exported to ImageJ imaging
software (National Institutes of Health (NIH), Maryland, USA).

Statistical analysis of amyloid, SNP and proteomics
associations in ROSMAP

Ascertainment of ROSMAP genotyping information was previ-
ously described (68). Methods for determining amyloid scores

https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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from postmortem brain of ROS and MAP participants were previ-
ously described (37). Proteomic profiles from postmortem brain
samples of ROS and MAP were previously described (38). A GWAS
was performed on amyloid (n = 984), modeling amyloid as the
dependent variable; genotype as the independent variable; and
cohort, age at death, sex and the first three genetic covariance
matrix (EV1–3) as covariates. Using PLINK version 1.08p, a linear
model assuming additive genetic effects was used, and sep-
arate analyses were performed according to genotyping plat-
form. These results were meta-analyzed using PLINK to mitigate
potential confounding effects due to the combination of plat-
forms. SNPs with an INFO score less than 0.3 and a MAF of <0.01
were removed from analysis. The SNP with the most significant
association with residual cognition within each independent
locus was selected as the lead SNP for that locus.

GWAS was performed on proteomic data, due to a smaller
sample size (n = 553), the ROS and MAP cohorts were combined
and analyzed genome wide in R, adjusting for cohort, genotype
chip, genotype call location, age at death and the first three
genetic principal components, in a linear regression model. SNPs
with an INFO score of <0.3 or with a MAF of <0.03 were removed
from the results.

Supplementary Material
Supplementary Material is available at HMG online.
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